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TURBIDITY PL~ffi FLOW IN UNIFORM k~D STRATIFIED 
OCEAN WATER AND IMPLICATIONS ·FOR 
SEDIMENT PISPOSAL 
1 . .. 2 
C. R. Paola and W. A. Murray 
ABSTRACT 
Physical and numerical modeling indicates that the flow of 
turbidity plumes is adequately described by equations of flow for 
simple, steady fully turbulent plumes if the coefficient of entrain-
ment, a, is taken as 0.12. This value of a is significantly greater 
than that used for simple plumes without suspended solids. 
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INTRODUCTION 
The discharge of sediment into surface waters may result from a 
variety of operations, such as marine mining, dredging and mine tail-
ings disposal. To accurately assess the environmental effect of such 
operations, it is necessary to be able to predict the ultimate fate of 
the discharged sediment. In a shallow water situation, this primarily 
entails considering the movement of the sediment after it reaches the 
bottom; this has been done in connection with dredge spoil disposal. 
However, in deeper water the movement of the sediment through the 
water colUmn plays an important role in determining its long-term fate 
anq may have significant environmental consequences. For example, 
the discharge of fine-grained sediment into the upper water column 
resulting from hydraulic-lift (suction) marine manganese nodule 
mining is considered to be a potential environmental hazard due to its 
possible affect on marine life (Amos et al., 1972; NOPA, 1975; 
Pearson, 1975). 
It is possible, however, that such discharged sediment would 
form a turbidity plume: a mixture of sediment and water which flows 
downward through clear water because of its greater density. If this 
happens, most of the discharged sediment would be removed from the 
upper water column and would not constitute a threat to its biota. 
Evidence that this may occur comes from several sources. May 
(1973) reports that dredge spoil discharged into Mobile Bay flowed 
to the bottom as a turbidity plume. Kuo (1972) has predicted that 
copper mining tailings discharged in the ocean will form such a plume. 
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Brandsma and Divoky (1976) use a model similar to a turbidity plume 
to numerically simulate the movement of discharged dredge spoil. 
Hmvever, they do not incorporate physical modeling in their analysis. 
The intent of this study is to physically and numerically model 
the steady discharge of a mixture of fine-grained sediment and water 
(a slurry) into ocean surface waters; specifically, it duplicates as 
closely as possible sediment discharge resulting from marine manganese 
nodule mining (NOAA, 1975). It is composed of five parts: (1) 
theoretical background, (2) numerical modeling, (3) physical modeling, 
(4) results and (5) discussion. 
2 
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THEORETICAL BACKGROUND 
Plumes may be divided into two types: simple plumes, in which 
all the momentum of the plume is derived from the density difference 
between the plume and its environment; and forced plumes, in which 
the plume is given excess momentum at its source. A simple plume 
model is used throughout this paper because (1) it is easier to dupli-
cate numerically and (2) forced plumes behave as simple plumes after 
) 
traveling some distance (Morton and Middleton (1973). 
Simple plumes may also be divided into two types: steady plumes 
and starting plumes. Steady plumes exhibit steady (time-invariant) 
flow. Starting plumes are those wlich have just begun to flow and 
exhibit a well-defined front (Fig. 1) which progresses down through 
the water. Steady flow conditions obtain at some distance behind 
this front (Turner, 1969). 
The flow of fully turbulent, steady plumes is governed by the 
equations of conservation of volume, momentum and density deficiency, 
given by Brock (1970) as: 
d (b2 u } b a uc dz = c Il (1) 
d (b2 u 2) 2 ~p . I3 = g b _c_ dz c pl I 2 
(2) 
d (~P b2) 
.. dPa 2 Il 
u ;:::;-- u b -dz c c dz c I4 
(3) 
:J: 
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CJ 
z 
w 
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Figure 1. Turbidity plume definition sketch. 
4 
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Where z is depth below the point of discharge and 
b is proportional to the plume radius. 
If it is assumed that the profiles of velocity and density across 
the plume are Gaussian, b is the radius at which the velocity is 1/e 
times its centerline value (Fig. 1), and 
u is the centerline plume velocity 
c 
~p is the density difference between the plume center density (p) 
c 
and the ambient water density (p ) 
a 
P1 is the initial ambient density 
a is the entrainment coefficient 
11,;_ 4 are integrals of plume density and velocity profiles across 
the plume diameter (see Brock, 1970). 
Assuming that both profiles are Gaussian and that mass and momentum 
diffuse at equal rates gives 
(4) 
(5) 
Using these values for 11_4 , equations (1) through (3) can be 
5 
~olved analytically if the ambient water density is uniform (dp /dz = 0). 
a 
Brock (1970) gives the analytical solution as: 
b 6 =- az 5 (6) 
= 
-1/3 
u c2 z c (7) 
~p = c3 -5/3 z c (8) 
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where c2 and c3 are coefficients calculated from the initial plume 
radius, center velocity and density, the ambient water density and a. 
For comparison with experimental data, equation (6) may be re-
written as 
b' = ~ a'z 5 (9) 
where b' is the observed radius of the plume a' is the corresponding 
modified entrainment coefficient. 
Solution of equations (1) through (3) for a density-stratified 
ambient (dp /dz ~ 0) is the subject of the next section. 
a 
6 
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NUMERICAL MODELING 
Equations (1) through (3) may be solved numerically if the ambient 
dB 2 a o -= dz (10) 
o
3 do Bv -= dz (11) 
dv 
-sz:; -= dz (12) 
where 8 = b 2u c 
0 = b u 
c 
gb.p 
. 2 c v = b u 
pl c 
l;=~ dp a 
pl dz 
J-,_ 
Equations (10) through (12) were solved numerically using a com-
puter program (TPLUME) which employed a simple forward-difference solu-
tion method. The length of each step was 1/10,000 of the total depth. 
At each step, new values of 8, o and V were calculated from those found 
at the previous step. Then these values and those at the previous 
step were averaged and the mean values used to recalculate the new 
values of 8, 6 and v. This was repeated until the recalculated new 
values differed from the previous new values by less than 1/10,000 of 
the previous new values. 
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Program TPLUME could be used to predict the variation in radius, 
center velocity and density difference for any plume by specifying the 
initial radius, velocity and density of the plume and the ambient water 
density profile. The accuracy was verified by specifying a uniform 
ambient density and comparing the results with those computed using 
the analytical solution given by equations (6) through (8). 
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PRYSICAL MODELING 
A total of sixteen tests were conducted by introducing a sediment-
water mixture (a slurry) at a point just beneath the surface of a large 
tank of salt water. The resultant turbidity plume was photographed as 
it moved down. 
Before these tests were begun, it was determined that seawater 
could be replaced by an NaCl solution of equal density without affect-
ing the flow of the turbidity plume. It was assumed that, apart from 
its density, the only effect that the seawater would have on the plume 
would be to induce flocculation in the slurry. Following this assump-
tion, equal amounts of the sediment to be used in the modeling were 
suspended in artificial seawater (Instant Ocean) and an NaCl solution 
of equal density. Settling time was approximately the same for both 
solutions which was sufficient evidence to allow the substitution of 
NaCl solution. 
In all sixteen tests, the ambient water was made by mixing table 
salt and tap water. The slurry was made by mixing sediment collected 
by the United States Geological Survey in a major projected manganese 
nodule mining area (Fig. 2) with salt water. Eight tests were con-
ducted using ambient water of uniform density; eight were conducted 
using ambient water which was stably stratified (density increasing 
with depth). 
(1) Uniform ambient tests 
Apparatus. The apparatus used for the first four uniform -
ambient tests is shown in Figure 3. It consisted of a cubic plywood 
10 
~--~------~----------------~~----y35 
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Figm·e 2. Area in which botto~ sediment samples used fJr physical modeling 
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1·0Sm 
l sc~L£ CLocK C) 
~-----1·22m -----
/ 
/ 
/ 
/ 
Figure 3 Experimental Tank No. 1 
/ 
/ 
/ 
11 
410.1 
tank with one plexiglass side which was filled to a depth of 1.05 m 
with NaCl solution. The slurry was constantly mixed in a 19 liter 
plastic tank and was gravity-fed through a plastic tube 12 rom in 
diameter to a discharge point approximately.5 em beneath the surface 
of the water. 
The apparatus used for the last four uniform ambient tests is 
12 
shown in Figure 4. It consisted of a large steel tank (1.25 m X 0.92 m 
X 1.15 m) with a plexiglass window which was filled with NaCl solution. 
Suspended at the surface of the water was a small plywood box; the 
slurry box (30 em X 20 em X 20 em). Slurry was pumped from a bucket 
'· 
into this box and returned to the bucket through an overflow tube, thus 
maintaining constant head in the slurry box. 1be slurry box was po-
sitioned so that the slurry in the box was at the same level as the water 
in the large tank. This was done to minimize the initial momentum of the 
slurry so as to approximate closely the simple plume condition. A 
6 mm diameter hole was drilled in the bottom of the slurry box and 
could be opened by removing a rubber stopper. 
Procedure. The first four tests were conducted according to the 
following procedure (see Fig. 3). 
(1) The large tank was filled with NaCl solution which was 
thoroughly homogenized· and its density determined by hydrometer. 
(2) The slurry was mixed and its density determined by hydro-
meter and pycnometer. 
(3) The volume of slurry per unit time introduced at the dis-
charge point (initial discharge) was determined by timing the 
accumulation of slurry in a graduated cylinder. 
WATER 
SORFACE 
... 
SUPPORT 
SLURRY 
BOX 
/. i\ 0 ISCHARGE 
~ OUTLET 
Figure 4 Experimental Tank No. 2 
13 
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(4) The discharge valve was opened and the resultant turbidity 
plume photographed, along with a clock, at 1-2 second intervals. Each 
of the four plumes was recorded as a set of time-sequence photographs 
(Fig. 5). 
(5) Subsequent tests were conducted at different flow rates and 
densities (Table 1). 
The procedure used to conduct the last four uniform ambient tests 
is the same as the above except that (1) the plume was started by 
pulling the rubber stopp,er in the slurry box and (2) the flow rate was 
determined by timing the entire test (1~- 3 min.) and measuring the 
loss of mass from the slurry bucket. 
(2) Stratified ambient tests. 
Apparatus. The apparatus used to form the model turbidity plume 
in these tests is the same as that used for the last four uniform-
ambient tests (Fig. 4). 
The apparatus used to create the density stratified ambient is 
shown in Figure 6. It consisted of a wooden plate, 60 em by 60 em, 
with bevelled edges. One end of a plastic tube 12 mm in diameter was 
positioned 2 em above the center of the plate. 
The density profile was measured using the conductivity device 
shown in Figure 7. The probe consisted of two 1 em by 1 em platinum 
plates separated by 0.3 em and mounted in a glass cowl. This was 
mounted on a point gage and connected through a series of resistors 
to a strain gage indicator (Vishay Model P-350). 
TABLE 1 
Run No. Initial Discharge Initial Radius Initial Density Ambient Water Density (Pa) 
3 .. 3 3 2 57.1 em /s 0.6 em 1.039 g/cm 1.025 g/cm 
3 87.5 0.6 1.039 1.025 
4 35.7 0.6 1.039 1.025 
5 14.9 0.3 1.071 1.025 
7 4.84 0.3 1.050 1.025 
8 . 1.49 0.3 1.049 1.026 
9 4.09 0.3 1.027 1.026 
10 2.32 0.3 / 1.034 1.026 
11 1.96 0.3 1.033 pa = 1.0146 + 0.019 z 
12 0.93 0.3 1.037 p = 1.023 + 0.0088 z 
a 
13 0.93 0.3 1.037 pa = 1.024 for z<O.l83 m 
= 0.025 (z - 0.183)1. 9 for z:i!:. 0.183 
14 0.95 0.3 1.054 pa = 1.019 +'0.0113 z 
15 0.85 0.3 1.057 pa = 1.025 for z<0.357m 
= 1.025 + 13.ll(z - 0.357) 
z2:0.357 
16 1.33 0.3 1.072 1. 025 + 0. 0069z - 0.04lz 2 p = -a 3 0.074z 
17 0.92 0.3 1.087 2 p = 1.026 - 0.0006z + 0.024z -
a 
0.035z 3 
18 0.90 0.3 1.069 2 pa = 1.025 + O.Ollz - 0.012z 
.... 
VI 
16 
t = 11 sec t = 18 sec 
t = 25 sec t = 52 sec 
Figure 5 Time Sequence Photographs of Turbidity Plume 
17 
NaC.{, Solution 
/-
Figure 6 Apparatus for Creation of Density~Stratified Ambient 
18 
Figure 7 Conductivity Probe 
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Procedure. The method for producing and measuring a density-
stratified ambient was adapted from Koh (1964). 
The stratified ambient was produced by filling the large tank 
(Fig. 4) in layers, 6 em thick, each less dense than the one below it. 
This was done as follows: 
(1) The most dense layer was mixed in the large steel tank. 
(2) The wooden plate (Fig. 6) was floated on this layer. 
(3) The next layer was mixed in a 20 gallon plastic tank and 
pumped through the tube onto the plate where it spread and flowed evenly 
onto the lower layer. Since the density profile was desired to be 
smooth rather than step-like, the pumping rate was kept fairly high 
(1 gallon/minute) so as to promote some mixing bebveen the layers. 
(4) Each succeeding layer was added in this manner until the 
tank was filled. A waiting period of approximately 12 hours followed 
to allow further smoothing of the density profile through salt diffu-
sian. 
The density profile was measured, using the conductivity probe 
shown in Figure 7, as follows: 
(1) The probe was calibrated by immersing it in a series of 
standard density salt solutions graduated in intervals of 0.005 g/cm3• 
(2) The probe 'tvas then placed in the tank and the density profile 
measured by taking readings at 0.2 ft. intervals from the water surface. 
The measured profiles were fitted to equations by the method of least 
squares. These equations are shown in Table 1. 
410.1 
RESULTS 
(1) Uniform density ambient. 
All eight plumes formed in uniform density ambient water ex-
hibited similar characteristics. All showed a linear increase in 
radius with depth and a decrease in velocity with depth. 
The increase in radius with depth was measured from the final 
photograph in each time-sequence series so that the plume would be in 
a steady flow state over as much of its length as possible. lbe 
radius was measured at 1 em intervals over the upper 50-60 em of the 
plume. The large number of measurements resulted in an averaging of 
the irregularities in the plume edge. These data were fitted, using 
linear regression, with an equation of the form. 
b' = K1 z + b~ (13) 
where b' ·is the actual radius 
K2 is the slope of the regression line 
z is the depth 
b' is the source radius 
0 
Combining equation (13) with equation (9) and measuring z from 
_ the virtual origin such that b' = 0, yields 
0 
(14) 
The average value of a' for all eight uniform ambient runs was 
0.16. 
20 
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It was beyond the scope of this investigation to measure the 
variation in velocity with depth for the steady plume. However, Turner 
(1962) reports that the velocity of the front of a starting plume 
satisfies a relation of the form given in Equation (7) although the 
value of c2 is less than that for the steady-state condition. To com-
pare the observed data with equation (7), each photograph in the time-
sequence series obtained for each uniform ambient test was measured to 
determine the plume length, ~. and the time, t, at which the photo-
graph was taken. To compare this data with equation (7), note that· 
equation (7) can be derived from 
where K2 is a coefficient determined from the data. 
D:i,;fferentiating (13) with respect to time gives 
d~ 3 -1/4 
dt = 4 K2 t 
Combining equation (14) \·lith equation (13) gives 
d~ = l K 4/3 ~-1/3 
dt 4 2 
which is of the same form as equation (7). 
(13) 
(14) 
(15) 
The time at which the first photograph was taken, t 1 , is known 
only with respect to succeeding photographs. However, comparison of 
observed data with equation (7) requires only knowledge of the shape 
of the graph of t versus ~; d~/dt is not affected by the value of t 1 • 
Therefore, t 1 has been chosen to provide the best least-squares fit 
to equation (13). All eight length/time graphs for uniform-ambient 
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plumes were found to fit equation (13) with a correlation coefficient 
2 (R ) of 0.98 or greater, indicating that the observed data are well 
described by equation (13). 
(2) Density stratified ambient 
All eight plumes formed in stratified ambient water behaved identi-
cally to those formed in a uniform ambient up to some depth (8-40 em) 
at which they stopped moving. The sediment laden in water then spread 
horizontally to form a thick (8-30 em) cloud. In most tests, the 
clays in the cloud quickly began to flocculate and move downward as 
individual particle groups. 
The depth to the top of this cloud was measured from the photo-
graphs. It was assumed that, at this depth, the density difference 
6.P had become zero due to dilution of the plume through entrainment 
c 
and the increasing density of the ambient water. Assuming a value 
for a, the entrainment coefficient, of 0.093 (Horton et al., 1959; 
Baires, 1975), program TPLUME was used to calculate the depth at 
which 6.P = 0, given the initial density profile and plume radius, 
c 
velocity and density. The value of a was then modified as necessary 
to bring the calculated depth to within experimental error (1-2 em) 
of the observed depth. The average value of a determined in this way 
for six tests is 0.12. Two tests gave values of a of < 0.03; these 
were considered spurious. 
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DISCUSSION 
(1) Comparison with published results. 
The preceding physical and numerical modeling indicates that the 
flow of turbidity plumes is well described by the equations of flow 
for simple plumes if the coefficient of entrainment, a, is taken to 
be 0.12. This is the mean value of a determined from the results of 
six density-stratified ambient tests. Application of a one-tailed 
t-test to this mean indicate that it differs significantly from the 
value of 0.10 proposed by Baines and Turner (1969) for plumes contain-
ing no suspended solids at a confidence level of> 90% (t = 1.63). 
It differs ~gnificantly from the value of 0.093 proposed by Morton 
et al., (1956) and Baines (1975) for such plumes at a confidence level 
of> 95% (t = 2.45). 
· It appears that it may be unwise to assume that coefficients of 
entrainment determined for flows without suspended solids are valid 
for predicting the fate of discharged sediment. This assumption has 
been made by Brandsman and Divoky (1976) in formulating a computer 
model for the movement of discharged dredge spoil. A more accurate 
model would result if the entrainment coefficients for the several 
types of flow used in the model (e.g., momentum jet, thermal) were 
experimentally determined for various types of sediment. 
(2) Example application: hydraulic-lift manganese-nodule mining. 
The DOMES report (NOAA, 1975) states that operation of a hydraulic-
lift nodule mining device will result in the discharge at or near the 
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ocean surface of a slurry composed of bottom sediment and water at a 
3 
rate of approximately 2.0 m /sec. Assuming a source diameter of 1 m, 
the depth to which the resultant turbidity plume will descend may be 
calculated using program TPLUME. This has been done for three dis-
charge depths and three initial slurry densities using an ambient 
density profile derived from temperature - salinity data recorded in 
the mining area by Roden (1972). The results are snowrt graphically in 
Figure 8. The plume moves further from the discharge point when dis-
charged at the 100 m depth because the stratification is weaker there; 
this is also the reason for the increased gradient in the curve for 
this discharge depth. 
Figure 8 indicates that, if it is desired that surface - dis-
charged sediment move down as far as possible, it may be advantageous 
to concentrate the slurry. This might also promote flocculation in 
the cloud formed after the plume stops; however, this problem requires 
further study. 
It is also evident ~rom Figure 8 that it may be advantageous to 
discharge the sediment at greater depth. However, economic considera-
tions might dictate a trade-off point between the environmental ad-
vantages of deep discharge and its increased cost. The shape of the 
:cilllPie.h~. :Wafer· d:~$·~·f(#.·1.:{irofile would primarily determine where this 
~-... t . . ' .·· .. -·~ 
trade-off point ~b~ld ·occur: if the pycnocline is distinct and near 
the surface with relatively uniform density water below it, it would 
be most worthwhile to pipe the sediment below the pycnocline before 
discharging it. 
--~-.#...--·-·· ---·- ..... -... --~----------------~~----~~-- --
Q ·· Arr bient Water Density 
{Mg/m3; After Roden, 1972} 
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Figure 8 Slurry Plume Stopping Distance Characteristics 
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CONCLUSIONS 
Based on the results of this study, the following conclusions 
can be drawn: 
(1) The flow of marine turbidity plumes is adequately described 
by equations of flow for simple, turbulent buoyant plumes if the en-
trainment coefficient, a, is taken to be 0.12. 
(2) Entraimnent coefficients determined for flows without sus-
pended sediment may not be valid for predicting the fate of ocean dis-
charged sediment. 
(3) If it is desired that sediment discharged at the ocean 
sur.face move downward as far as possible, it may be advantageous to 
concentrate the slurry and to introduce the discharge below the pycno-
cline. 
26 
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APPENDIX 1 Measured Data 
A. Uniform Ambient 
RUN 2 DEPTH (em) RADIUS (em) 
o.o 0.4 
1.0 0.6 
2.0 0.9 
3.0 1.0 
4.0 1.0 
5.0 1.4 
6.0 1.5 
7.0 1.8 
8.0 2.1 
9.0 2.2 
10.0 2.3 
11.0 2.2 
12.0 3.1 
13.0 3.7 
14.0 3.7 
15.0 3.5 
16.0 3.4 
17.0 3.0 
18.0 2.8 
19.0 5.1, 4.1, 3.7 
20.0 4.8 
21.0 4.3 
22.0 4.6 
23.0 4.4 
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RUN 2 DEPTH (em) RADIUS (em) 
24.0 4.9 
25.0 5.0 
26.0 4.6 
27.0 4.8 
28.0 5.6 
29.0 5.8 
30.0 6.4 
31.0 5.9 
32.0 6.2 
33.0 6.2 
34.0 5.7 
35.0 5.9 
36.0 5.7 
37.0 6.9, 6.7, 6.3 
38.0 . 7.1 
39.0 7.1 
40.0 6.7 
41.0 6.2 
42.0 7.1 
43.0 6.6 
44.0 6.0 
45.0 6.2 
46.0 6.8 
47.0 8.1 
48.0 7.8 
49.0 10.3 
50.0 11.2 
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RUN 3 DEPTH (em) RADIUS (em) 
0.0 0.6 
1.0 0.7 
2.0 0.9 
3.0 0.9 
4.0 1.4 
5.0 1.9 
6.0 2.0 
7.0 2.1 
8.0 1.8 
9.0 2.6, 1.6 
10.0 3.1 
11.0 3.4 
12.0 3.5 
13.0 3.1 
14.0 3.1 
15.0 3.3 
16.0 3.4 
17.0 4.1, 3.9, 3.5 
18.0 4.2 
19.0 4.2 
20.0 3.6 
21.0 4.7 
22.0 4.9 
23.0 5.4 
24.0 5.4 
25.0 4.7 
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RUN 3 DEPTH (em) RADIUS (em) 
26.0 4.8 
27.0 4.8 
28.0 4.8 
29.0 6.6, 5.4 
30.0 7.5 
31.0 7.9 
32.0 8.3 
33.0 8.6 
34.0 8.7 
35.0 9.2 
36.0 8.8 
37.0 7.8 
38.0 7.1 
39.0 8.0, 7.7, 7.0 
40.0 9.1, 7.6 
41.0 9.7 
42.0 9.2 
43.0 9.2 
44.0 9.7 
45.0 9.6 
46.0 10.1, 10.0, 9.3 
47.0 9.3, 8.7 
48.0 7.9 
49.0 9.6 
50.0 9.9 
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RUN 3 DEPTH (em) RADIUS (em) 
51.0 9.8 
52.0 10.1 
53.0 10.5 
54.0 11.0, 11.6, 12.4 
55.0 12.2 
56.0 12.0 
57.0 12.3 
58.0 13.3, 12.2, 11.4 
59.0 13.4 
60.0 :L2.9 
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RUN 4 DEPTH (em) RADIUS (em) 
0.0 0.3 
1.0 0.8 
2.0 0.5 
3.0 1.2 
4.0 1.7 
5.0 1.7 
6.0 2.3 
7.0 2.0 
8.0 2.4 
9.0 2.5 
10.0 2.2 
11.0 2.4 
12.0 2.7, 2.5, 2.3 
13.0 2.7 
14.0 3.4 
15.0 3.7 
16.0 3.8 
17.0 3.5 
18.0 3.8 
19.0 3.8 
20.0 4.6 
21.0 4.5 
22.0 3.6 
23.0 4.3 
24.0 4.6 
25.0 4.9 
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RUN 4 DEPTH (em) RADIUS (em) 
26.0 5.5 
27.0 6.0 
28.0 5.9 
29.0 5.4 
30.0 5.8 
31.0 6.5 
32.0 7.3 
33.0 5.7 
34.0 5.9 
35.0 5.1 
36.0 5.7 
37.0 6.2 
38.0 6.6 
39.0 6.5, 6.8 
40.0 6.6 
41.0 6.6 
42.0 5.9 
43.0 6.1 
44.0 6.7 
45.0 7.4 
46.0 7.8 
47.0 8.3 
48.0 8.2 
49.0 6.3 
50.0 7.0 
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RUN 4 DEPTH (em) RADIUS (em) 
51.0 8.0 
52.0 8.7 
53.0 9.0 
54.0 8.8 
55.0 7.7 
56.0 7.2 
57.0 9.0 
58.0 9.2 
59.0 8.7, 10.0, 11.0, 11.5 
60.0 8.0, 12.7, 11.8, 9.5 
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RUN 5 DEPTH (em) RADIUS (em) 
o.o 0.3 
1.0 0.6 
2.0 0.9 
3.0 1.0 
4.0 1.2 
5.0 1.4 
6.0 1.6 
7.0 1.9 
8.0 1.9 
9.0 2.0 
10.0 2.1 
11.0 2.1 
12.0 2.7 
13.0 3.0 
14.0 2.8 
15.0 2.8, 3~1 
16.0 2.5 
17 .o 2~9 
18.0 3.2 
19.0 3.3 
20.0 3.6, 4.3, 3.1, 3.7 
21.0 0.2 
22.0 4.4 
23.0 4.9 
24.0 4.6, 4.8, 5.3 
25.0 5.6 
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RUN 5 DEPTH (em) RADIUS (em) 
26.0 5.0 
27.0 4.-5, 4.7, 6.7 
28.0 7.5, 8.4, 6.9, 7.8 
29.0 6.3, 8. 6, 5.3, 7.5 
30.0 5.7, 6.0, 6.8, 7.3 
31.0 5.7, 5.9, 6.8 
32.0 5.8 
33.0 6.1 
34.0 6.2, 6.5, 6.9 
35.0 8.3 
36.0 8.3 
37.0 7-9 
38.0 8.0, 7.5 
39.0 6.7 
40.0 6.9, 6.3 
41.0 6.4 
42.0 7.7, 7.1, 6.7 
43.0 7.6, 6.0, 5.6 
44.0 8.5, 6.5 
45.0 10.2 
46.0 10.3 
47.0 9.8 
48.0 9.6, 10.2, 10.5 
49.0 10.3 
50.0 10.4 
410.1 40 
RUN 5 DEPTH (em) RADIUS (em) 
51.0 10.2 
52.0 9.3 
53.0 8.7 
54.0 8.2, 8.7 
55.0 9.1, 10.2 
56.0 10.8 
57.0 11.0 
58.0 10.3 
59.0 10.6, 10.3, 9.7 
60.0 10.5 
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RUN 7 DEPTH (em) RADIUS (em) 
0.0 0.3 
1.0 0.5 
2.0 0.8 
3.0 1.0 
4.0 0.9 
5.0 0.8 
6.0 1.4 
7.0 1.6 
8.0 1.8 
9.0 2.0 
10.0 2.6 
11.0 2.3 
12.0 3.4, 2.7 
13.0 3.2 
14.0 2.9 
15.0 3.3 
16.0 2.9 
17 .o 2.5 
18.0 2.3, 2.5, 2.8 
19.0 3.0 
20.0 3.2 
21.0 3.6 
22.0 4.2 
23.0 4.1 
24.0 4.2 
25.0 4.4 
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RUN 7 DEPTH (em) RADIUS (em) 
26.0 4.2 
27.0 4~1 
28.0 4.5 
29.0 4.4 
30.0 5.9 
31.0 5.7 
32.0 6.6 
33.0 6.6 
34.0 6.0 
35.0 5.5 
36.0 5.4 
37.0 5.8 
38.0 6.8 
39.0 8.3, 8.0, 7.2 
40.0 8~9 
41.0 8.9 
42.0 8.6 
43.0 8.3 
44.0 7.9 
45.0 8.0 
46.0 8.5 
47.0 8.7 
48.0 10.1 
49.0 10.4 
50.0 10.6 
. · . 
. . . 
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RUN 7 DEPTH (em) RADIUS (em) 
51.0 10.5 
52.0 10.0 
53.0 10.0 
54.0 10.4 
55.0 11.2 
56.0 11.6 
57.0 11.6 
58.0 11.4 
59.0 11.1 
60.0 11.2 
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RUN 8 DEPTH (em) RADIUS (em) 
0.0 0.3 
1.0 0.3 
2.0 0.5 
3.0 0.4 
4.0 0.5 
5.0 1.1 
6.0 1.0 
7.0 1.1 
8.0 1.8 
9.0 1.7 
10.0 1.6 
11.0 1.8 
12.0 1.7 
13.0 2.8, 2.3, 2.1 
14.0 3.2 
15.0 3.1 
16.0 2.2 
17.0 2.0 
18.0 2.5 
19.0 2.2 
20.0 2.1 
21.0 4.0 
22.0 3.5 
23.0 2.7 
24.0 3.1 
I. 25.0 5.0, 4.1, 3.3 
I' 
410.1 45 
RUN 8 DEPTH (em) RADIUS (em) 
26.0 4.8, 4.1, 3.0 
27.0 4.8, 3.9, 3.3 
28.0 4.3 
29.0 4.8 
30.0 4.6 
31.0 4.5 
32.0 4.9 
33.0 5.3 
34.0 5.2 
35.0 5.1 
36.0 5.4 
37.0 5.3 
38.0 4.7 
39.0 4.5 
40.0 4.5 
41.0 5.8 
42.0 7.7 
43.0 8 .. 0 
44.0 8.0, 9.5, 10.8 
45.0 7.6, 7.9, 9.5, 10.5 
46.0 9.2, 10.2 
47.0 7.6, 7.4, 8.6, 10.1 
48.0 6.6, 7.3, 9.6 
49.0 6.5, 6.9, 9.4 
50.0 9.2 
410.1 46 
RUN 8 DEPTH (em) RADIUS (em) 
51.0 8.7 
52.0 9.9 
53.0 10.1 
54.0 9.6 
55.0 9.5 
56.0 ll.5 
57.0 11.0, 10.7, 10.0 
58.0 ll.8' 10.8, 10.1, 9.4 
59.0 10.9 
60.0 10.7 
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RUN 9 DEPTH (em) RADIUS (em) 
0.0 0.5 
10. 0.6 
2.0 0.9 
3.0 1.1 
4.0 1.2 
5.0 1.1 
6.0 1.4 
7.0 2.2 
8.0 2.3 
9.0 2.6 
10.0 3.1 
11.0 3.3 
12.0 3.3 
13.0 3.5 
14.0 3.6 
15.0 4.1 
16·.0 3.8 
17.0 3.1 
18-.-0 3.1 
19.0 3.6 
20.0 4.4 
21.0 4.9 
22.0 5.1 
23.0 5.1 
24.0 6.3 
25.0 5.9 
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RUN 9 DEPTH (em) RADIUS (em) 
26:o 6.0 
27.0 6.0 
28.0 5.8 
29.0 5.8 
30.0 5.8 
31.0 6.4 
32.0 6.0 
33.0 5.8 
34.0 6.1 
35.0 6.8 
36.0 6.5 
37.0 7.5 
38.0 8.4 
39.0 9.0 
40.0 9.2 
41.0 9.6 
42.0 9.8 
43.0 10.2 
44.0 10.6, 11.6, 11.9 
45.0 12.3 
46.0 12.3 
47.0 12.1 
48.0 12.2 
49.0 12.6, 15.4, 14.5 
... 
... 50.0 15.6, 14.5. 12.7 
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RUN 9 DEPTH (em) RADIUS (em) 
51.0 15.6, 13. 6, 13.1 
52.0 15.4 
53.0 14.9 
54.0 14.1 
55.0 14.5 
56.0 14.3 
57.0 13.6 
58.0 14.1 
59.0 13.6 
60.0 12.9 
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RUN 10 DEPTH (em) RADIUS (em) 
o.o 0.3 
1.0 0.3 
2.0 0.4 
3.0 0.6 
4.0 0.7 
5.0 0.9 
6.0 0.9 
7.0 0.9 
8.0 1.3 
9.0 1.2 
10.0 1.5 
11.0 1.0 
12.0 1.3 
13.0 1.6 
14.0 1.7 
15.0 2.0 
16.0 2.1 
17.0 2.2 
18.0 1.9 
19.0 3.0 
20.0 3.3 
21.0 3.4 
22.0 3.8 
23.0 3.6 
24.0 3.2 
25.0 3.2· 
410.1 51 
RUN 10 DEPTH (em) RADIUS (em) 
26.0 3.2 
27.0 3.8 
28.0 4.8 
29.0 5.3 
30.0 5.6 
31.0 6.0 
32.0 6.4 
33.0 6.9 
34.0 7.2 
35.0 7.1 
36.0 7.0 
37.0 7.1 
38.0 6.7 
44.0 7.3 
45.0 7.6 
46,;0 7.8 
47.0 7.9 
48.0 8.0 
49.0 8.0 
50.0 8.0 
51.0 8.2 
52.0 8.4 
53.0 9.0 
54.0 9.6 
55.0 10.3 
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RUN 10 DEPTH {em) RADIUS (em) 
56.0 10.4 
57.0 10.2 
58.0 9.9 
59.0 9.1 
60.0 8.4 
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RUN 2 
Length (m) Time (s) 
.093 .5 
.207 2.5 
.303 4.5 
.400 6.0 
.483 7.5 
.547 9.5 
.607 11.5 
.687 13.5 
.737 15.7 
.880 18.0 
.927 20.5 
RUN 3 
Length (m) Time (s) 
0.083 0.6 
0.187 2.1 
0.363 3.1 
0.463 4.1 
0.557 5.1 
0.620 6.1 
0.667 7.1 
0.703 7.7 
0.767 9.1 
0.817 9.9 
0.833 10.8 
0.887 11.5 
0.933 12.3 
0.957 13.1 
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RUN 4 
Length (m) Time (s) 
0.073 1.2 
0.203 2.8 
0.313 4.7 
0.403 6.6 
0.450 8.4 
0.510 9.9 
0.957 22.4 
RUN 5 
Length (m) Time (s) 
.060 1.2 
.130 2.2 
.193 4.7 
.260 7.2 
.290 8.2 
.350 9.7 
.381 11.4 
.433 13.7 
.477 15.2 
.530 17.2 
.587 19.2 
.650 21.2 
.693 22.7 
.747 25.2 
.750 27.2 
.853 29.2 
.890 32.2 
.920 34.2 
.970 36.2 
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RUN 7 
Length (m) Time (s) 
0.080 1.1 
0.114 2.0 
0.150 3.0 
0.192 4.1 
0.234 5.1 
o. 272 6.3 
0.304 7.3 
0.332 8.3 
0.364 9.3 
0.402 10.4 
0.436 11.5 
0.466 12.4 
0.502 13.6 
RUN 8 
Length (m) Time (s) 
0.098 1.9 
0.140 3.9 
0.216 6.7 
0.290 10.2 
0.374 14.6 
0.434 17.2 
0.474 19.1 
0.514 20.9 
0.574 23.0 
0.622 25.0 
0.658 26.5 
0.686 27.8 
0.706 28.8 
0.740 30.3 
410.1 
Length (m) 
0.100 
0.158 
0.218 
0.258 
0.344 
0.488 
0.560 
0.698 
0.720 
0.740 
0.4284 
Length (m) 
0.082 
0.120 
0.160 
0.208 
0.710 
0.256 
RUN 9 
RUN 10 
Time (s) 
4.3 
7.0 
10.3 
12.1 
17.2 
30.4 
37.6 
51.5 
55.7 
58.7 
28.48 
Time (s) 
3.9 
6.7 
9.8 
13.9 
71.8 
21.22 
56 
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B. STRATIFIED AMBIENT 
Run Depth to Cloud Top (em) Depth to Cloud Bottom (em) 
11 8.0 17.4 
12 11.8 24.4 
13 21.0 34.0 
14 11.4 21.8 
15 34.4 43.4 
16 18.2 36.2 
17:. 23.4 46.7 
18 30.1 57.7 
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APPENDIX 2 Experimental Difficulties 
(1) Flow rate determination. The method described for determining 
the flow rate of the turbidity plumes, measuring weight loss from the 
slurry bucket over the course of a run, is adequate but could probably 
be improved. One alternative would be to set up each test, then, just 
before beginning it, to pull the plug in the slurry box and 'catch' the 
plume in a beaker for several seconds. This would be accurately timed 
with a stop watch. The beaker would be held directly beneath the dis-
charge onfice, and the plume would not be run long enough to fill the 
beaker. The volume released would be found by comparing the mass of 
s~diment in the beaker with the percent suspended solids in the slurry. 
(2) Maintaining turbulent flow. In order to satisfy equations 
(1) - (3), the plume must remain in a fully turbulent state. It is a 
good idea to carefully observe the uppermost portion of the plume to 
see that the flow is turbulent, particularly when most of the plume 
momentum is derived from buoyancy forces above (a simple plume). 
(3) Producing stratification. The major problem in producing 
stratification was avoiding a step-like density profile. The method 
used does not appear to promote extensive mixing between layers, so 
the density profile must be carefully monitored to ensure that steps 
are not forming. 
In addition, it is essential that the water used to mix the 
individual layers be of constant temperature if the density of each 
layer is being monitored by hydrometer. 
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APPENDIX 3 Program TPLUME 
PROGRA~ TPLUME <INPUT, TAPE 5 = INPUT, OUTPUT, TAPE 6 = OUTPUT> 
·DIMENSION 'qAOIUSC15>, DLTAR.HOC15>, CNTRVEL{15l, DEPTHt15>, 
1 ~lOEPT~<tOO), WOENS(100) 
-·--·--·-··-------READ C5, 10) ZMAX, RAO, CJ::LOC, RHOt~ RHOINIT, ALPHA, NO 
10 FO~HAT (6F10.0, Ii!J) 
DO 12 L = 1, NO 
K E A 0 ( 5, 1 3 l W 0 E PT H C L) , W o:. NS( L > 
-·- T3 -- - --. F 0 R. M A T ( 2 F 1 C • 0 ) 
12 CONTI~UE 
15 DLTAZ = ZHAX I 10000.0 
DLRHO = 9.B1.,. CCR.HOINIT- RH01) I R~01l 
-----------·----:3ETAf = CRAD ,.,. 2> ,. C•JELOC . -·-··-·-
DELTA1 = RAD • CVELOC 
GAMMA1 = OLRHO ~ BETA1 
z = 100.0 
--·-·- ~AD IUS< 1l ·= RAD 
DLTARHOC1l = OLRHO 
CNTRVEL{1) = CVELOC 
DEPTHCU = Z 
---------1 X. ·= . 1 . - -------- -· -- .. ---------- .. 
DO 20 I = 1, 10000 
. OZ = Z + CDLTAZ I 2.0> 
2 2 R DE~ I IJ = ( W DEN S C I X + 1> - W 0 E N S C I X ) ) I CW E P T H ( I X + 1 ) -
----------1-. WDEPTHCIXl) - . 
IF ( D Z • L T • W DEPTH ( I X + 1 ) ) G 0 T 0 2 S 
IX = IX + 1 
GO TO 22 
-2""5 -AL·A-.M~-·o·A·-- = c·t·q~·-o·2--/··--·RH01l ----..--R·D-EPIV .. ~----------------·-----·-··--------- ------------·--. 
ADELTA1 = DELTA! 
AB~TAt = SETAl 
AGA:"-1~1A1 = GAMM.I\1 
-. --~-._ .. ·--·---DO 35 J ·:··-1, -10000 ----- --- .. - ---···-··-· -·-· - -··-·--·- --- --
8ETA2 = (2.0 + ~LPHA ~ AOELTA1 ~ OLTAZl + BETA1 
DEL T A 2 = C ABET A 1 • ~ G A~ M A 1 • 0 L T A Z) I { A') E L T A 1 • • 3 t ~ 0 EL TA 1 
G.AHMA2 = C-1. 0 '~- A3ETA1 ._ ALAHBDA ~ OL TAl) t- GAMMA1 
---------A-3E-TA-2·---:---(~ETA1··:.. SET~z-,----~-2.0. ----·-- ....... ------- ·--- -------- --------------
ADELTA2 = <DELTA1 + DELT-~2) I 2.0 
AGAHMA2 = <GAMMA 1 • Gli.Mt-142> I 2. 0 
BETAER = AAETA1 I 100GO.O 
------- --OELTAER = ADE L T l\ 1 I 10 IJ 0 o-. 0 
GAMHAER = AGAMMA1 I 1000Q.O 
oETAOF = A3S(AdETA1 - ABETA2) 
OELTADF = ABS<ADELTAl - AOELTA2l 
.. GAMM-AOF--··:·-A8S ( .AGA.MMA1 - AG.!\HMA2) 
I~ <OELTADF .GT. OELT..\ER) GO TQ 30 
IF (3ETAQF .GT. BETA~q) GO TO 30 
IF CGAMHADF .GT. GA~MAER) GO TO 30 
----------- ------- . G 0 T 0 4 0 ... 
30 A3ETA1 = A3ETA2 
AOELTA1 = AOELTA2 
. AGAMHAt = AGAHMA2 
-3-5----c-Cft~fT I N-UE- -· ---- --------------------------
40 RAO = BETA2 I OELTA2 
CVELOC = <DELTA2 •• 2) I 8ETA2 
OLRHO = GAMMA2 I 3ETA2 
·----------rF- COLqHo .LE. 0.0 l GO TO 50 
DO ~0 K = 2, 11 
NUH = (K - 1) ,. 10(}0 
IF CI .NE. NUM) GO TO 80 
--------- . -
RAD!US"CKl·-: Rl'ID .... - -------------------·---------------------
80 
CNTRVEL<I<l = CVELOC 
DLTA~HOCK> = DLRHO 
DEPTHC!<l = DZ 
CO\ITI ~lUE . 
l = Z + OLTI\Z 
dETA1 = BETI\2 
___________ DELTA 1_ ~- DELTA 2 
GAM'1~1 = GA'~)iA2 
CONTINUE 
60 
20 
50 
70 
WRIT:: {6, 70> DZ 
FORMAT C///////1GX, 29HTHE PLUME STOPS AT A DEPTH OF, F7.3, 1Xt 
1- 7HHET~~'S.) -
~~~~~r(1}/l9~5X, 5~QEPTH~ lOX, 6HRAOIUS, 10X, 8HVELOCITY, lOX, 
1 18HOENSITY DIFFERENCE///) 
------·-------- oo· tno N =·-T; 11 -----·- --- --------· - -----·---- -------
___ WRITE {f)~ iifJ>DEPTHt~>, ~ADIUSOl), CNTRVEL(N), OLTARHO<N• 
110 FORMAT (3X, F7.3, 8X, F7.3, 12X, F5.3, 13X, F8.5//} 
100 CONTI~UE 
STOP 
END 
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APPENDIX 4 
Time Sequence Photographs for 
Typical Runs 
61 
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Run No. 5 
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Run No. 15 
• 
• 
t 
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• 
• 
Run No. 18 

